Atomically precise graphene nanoribbon heterojunctions from a single molecular precursor 
Introduction
The tunable electronic structure of graphene nanoribbons (GNRs) has attracted great interest due to potential applications in synthetic electronic devices. [1] [2] [3] [4] Although several topdown techniques exist for fabricating GNRs, only bottom-up synthesis of GNRs from molecular 3 precursors yields nanoribbons with atomically-defined structure and dopant control. [5] [6] [7] [8] [9] [10] A unique aspect of bottom-up GNRs is that they provide extensive opportunities for creating atomically precise molecular heterojunctions where two different GNR types bond at an interface.
Predictions have been made that such heterojunctions will play a useful role in future nanotechnologies, including fabrication of robust molecular diodes and transistors. 11, 12 While the behavior of heterojunctions in macroscopic semiconductor crystals has been extensively studied, 13 heterojunction behavior in molecular nanostructures is not as well understood. [14] [15] [16] [17] Bottom-up GNR heterojunctions have previously been fabricated by an approach that combines two different molecular precursor types, thus yielding either impurity-modulated 18 or widthmodulated 19 GNR heterojunctions. This fabrication method, however, depends on the random process of precursor self-assembly and does not allow heterojunction fabrication or modification after a GNR has been synthesized.
In this work we report a new technique for fabricating bottom-up GNR heterojunctions through post-growth manipulation that results in atomically perfect heterojunction structures from a single precursor. Such post-growth modification of GNR electronic properties offers a more flexible route for heterojunction fabrication, thus enabling additional bottom-up control that could lead to more complex future molecular device architectures. Single-precursor-based heterojunctions were achieved through the design and implementation of a new type of GNR precursor molecule that incorporates sacrificial carbonyl groups and results in carbonyldecorated fluorenone GNRs (Fig. 1a) . While the carbonyl groups survive the GNR synthesis process, they can be removed later by exciting the fluorenone GNR (e.g., temperature, electric field). Fluorenone GNRs are found to have a different band gap and energy alignment than unfunctionalized chevron GNRs, thus enabling fabrication of Type II heterojunctions between 4 carbonyl-decorated and carbonyl-free GNR segments that exhibit atomically precise interfaces.
Type II heterojunction behavior in partially decarbonylated fluorenone GNRs was experimentally confirmed via a bond-resolved STM imaging technique (BRSTM) that allows determination of local chemical structure in combination with scanning tunneling spectroscopy (STS) to unambiguously characterize the local band alignment profile of the heterojunction. We observe that the electronic structure of atomically-precise bottom-up GNR heterojunctions can fully transition between different band gaps over a length scale of less than 1 nm across a heterojunction interface. The interpretation of our experimental data is strongly supported by first-principles calculations.
Discussion
Chevron-type graphene nanoribbons (GNRs) featuring a regular pattern of 9H-fluoren-9-one substituents along their convex edges were prepared from molecular precursor 1 through a sequential radical step-growth polymerization/cyclodehydrogenation procedure on a Au(111) surface (Fig. 1a) . 3, 5, 8, 10, 20 Fig. 1b shows a representative STM topographic image of a GNR functionalized with fluorenone substituents recorded with a CO-functionalized tip. The distinctive carbonyl group introduced with the fluorenone substituent is not resolved in routine STM images, thus fluorenone GNRs appear indistinguishable from unfunctionalized chevrontype GNRs. 3, 18 In order to resolve the carbonyl group and verify the chemical structure of fluorenone GNRs, we developed a new bond-resolved STM imaging technique (BRSTM) which is an extension of techniques described in recently published work. 21 This technique provides bond-resolved contrast of molecular nanostructures without employing the additional complexity of noncontact atomic force microscopy (nc-AFM) or the need to operate at sub-Kelvin temperatures. 22, 25 The contrast in BRSTM images relies on changes in the differential 5 conductivity (dI/dV) of the STM tunneling junction at low bias (20-50 mV) measured with a CO-functionalized STM tip (see Methods). 21 BRSTM imaging of fluorenone functionalized GNRs (Fig. 1c) clearly resolves the distinctive structure of the chevron-type GNR backbone as well as the cyclopentadienone groups derived from the fluorenone substituents in 1. The fluorenone oxygen atoms appear as bright spots protruding from the apex of the convex GNR edges. This structural assignment was independently confirmed using well established CO-tipfunctionalized nc-AFM imaging 22, 23 and simulation techniques 21 (Supplementary Information
Figs. S2,7).
The local electronic structure of fluorenone GNRs on Au(111) was characterized by STS using a CO-functionalized tip. respect to the underlying gold surface). Such spatial separation of heterojunction states at the CB edge (peak 1) and VB edge (peak 2) across an interface is the hallmark of Type II heterojunctions. 13, 24 In an effort to better understand the evolution of the heterojunction electronic structure across the junction interface, we acquired dI/dV point spectra along the GNR edge on either side of a heterojunction interface (see tip trajectory sketch in Fig. 4a ). The spatial dependence of the experimental spectra (Fig. 4b) shows the change in band edge energies as the STM tip moves across the interface (dashed white line). This band bending (~0.3 eV in the conduction band)
occurs over a distance of only 0.6 nm, leading to extremely large effective fields in the conduction band on the order of 5x10 8 V m -1 across the GNR heterojunction interface. Such fields were theoretically predicted in a previous study of GNR heterojunctions. 18 We used dI/dV mapping to resolve the LDOS patterns associated with VB and CB wave functions at the heterojunction interface. A direct comparison between experimental dI/dV maps and theoretical LDOS plots shows good agreement for states at the GNR band edges. Fig. 2d shows the calculated LDOS map of states at the VB edge for a uniform fluorenone GNR. The highest intensity is seen to be 9 localized along the concave edges of the GNR, consistent with the experimental VB dI/dV map depicted in Fig. 2c . Similarly, the characteristic pattern reflected in the theoretical LDOS of states at the fluorenone CB edge (Fig. 2f) is in good agreement with the experimental CB dI/dV map depicted in Fig. 2e . (Theoretical LDOS maps for unfunctionalized chevron GNRs are similarly consistent with experimental dI/dV maps, see SI Fig. S3 ).
In an effort to better understand the intrinsic band alignment of a fluorenone/unfunctionalized GNR heterojunction we calculated the electronic structure of the bond-resolved experimental heterojunction system depicted in Fig. 5a . The unit cell used in the calculation (Fig. 5e ) comprises a central unfunctionalized chevron GNR segment flanked on both sides by short segments of fluorenone GNRs, precisely as seen experimentally in Fig. 5a . A plot of the calculated energy-dependent LDOS at points along the edge of the heterojunction in Fig.   5d (black dashed line) is depicted in Fig 4c. The theoretical band gap is smaller in the fluorenone segment (left side of the heterojunction) than in the unfunctionalized chevron segment (right side of the heterojunction) and is consistent with the experimental data in Fig. 4b . Both the theoretical and experimental band structure realignment across the heterojunction interface are remarkably similar and occur over a distance of less than 1 nm. This confirms previous predictions 18 that atomically precise GNR heterojunctions should induce extremely large effective electric fields.
The unusually sharp transition of the band edge states across the heterojunction interface is further supported by the high degree of localization observed in the theoretical heterojunction LDOS at energies close to the band edges. At the CB edge the theoretical LDOS of the heterojunction structure shown in Fig. 5d is largely localized to the fluorenone substituted segments (Fig. 5e) . The LDOS pattern here exhibits the same recurring motif calculated for the CB LDOS of uniform fluorenone GNRs (Fig. 2f) , and closely resembles the experimental CB LDOS pattern of the heterojunction displayed in Fig. 5b . At energies close to the VB edge the theoretical LDOS alternatively shows localization to the unfunctionalized chevron GNR segment (Fig. 5f ). The characteristic VB pattern is the same as the LDOS pattern calculated for uniform unfunctionalized GNRs (Supplementary Information Fig. S3c ) and matches the spatial localization observed experimentally in the dI/dV image of Fig. 5c . Agreement between experimental and theoretical data for the CB and VB edges of the heterojunction confirm wavefunction localization consistent with a Type II heterojunction and also indicate that substrate interaction effects do not play a significant role in determining the wavefunction symmetry or spectroscopic peak ordering for this GNR system. However, it should be noted that DFT-LDA calculations are known to underestimate absolute bandgap magnitude for lowdimensional semiconductor systems 28 and that substrate screening can also lead to bandgap renormalization. 19 In conclusion, we have demonstrated rational fabrication of bottom-up synthesized GNR Type II heterojunctions using only a single precursor type via post-synthesis cleaving of carbonyl groups. We have developed a bond-resolved STM imaging technique (BRSTM) that allows us to observe the atomically defined structure of GNR heterojunctions, enabling highly resolved structure/function characterization without the need for nc-AFM 22 
Methods

Molecular synthesis
The molecular precursor for fluorenone GNRs 1 was prepared via Sonogashira-Hagihara cross- 
Experimental methods
GNRs and GNR heterojunctions were fabricated on a Au(111) thin film substrate. Standard Ar 
Theoretical calculation
First-principles calculations for fluorenone GNRs, unfunctionalized chevron GNRs, and fluorenone/unfunctionalized GNR heterojunctions were performed using DFT at the LDA level, as implemented in the Quantum Espresso package 26 . Only free-standing GNRs were simulated 13 (i.e., no substrate was included). We used norm-conserving pseudopotentials 27 with a plane wave kinetic energy cut-off of 80 Ry. For the heterojunction calculations we constructed a periodic superlattice structure in which each unit cell was identical to the measured experimental heterojunction structure. This structure was fully relaxed until the force on each atom was smaller than 0.05 eV⋅ Å #$ . Dangling bonds on the edges were all passivated by hydrogen atoms.
LDOS calculations were performed at 4 Å above the atomic plane. The spatial-and energyresolved LDOS across the fluorenone/unfunctionalized heterojunction was calculated by scanning the energy range with a step of 0.02 eV, and averaging the LDOS contribution within a circle of 4 Å radius along the path (0.1 eV Gaussian broadening was applied here). It should be pointed out that although DFT-LDA calculations are known to underestimate the quasiparticle energy gap in low-dimensional systems, such as graphene nanoribbons, 28 the description of quasiparticle wavefunctions at LDA level is justified by our previous work. 19 Also we did not include substrate screening in our calculations, which might introduce noticeable reduction of quasiparticle bandgaps compared with suspended samples. However, these factors are not expected to alter the peak ordering assignments, as discussed in our previous work. 
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